* value can be used as effective methods to study the abnormality of iron deposition in AD brain, wherein phase had advantages in small brain structure. Phase value showed a higher correlation coefficient with MMSE scores, moreover the
BACKGROUND
Alzheimer's disease (AD) is an irreversible, progressive neurodegenerative disease, which is characterized pathologically by the generation of β-amyloid (Aβ) plaques and neurofibrillary tangles in the hippocampi and cerebral cortex. Iron deposition occurs in the brain in a variety of neurodegenerative disorders, such as AD and Parkinson's disease [1] . Oxidative damage to the brain of AD patients is one of the earliest pathological events [2, 3] . Increased redox active metal ions such as Fe 3+ and Cu 2+ can produce free radicals and predispose neurons to oxidative damage, also can induce increased generation of Aβ in AD brain [4] , and when Aβ binds with Fe 3+ , it becomes aggregated and neurotoxic [5] .
Magnetic resonance imaging (MRI) is the best imaging examination to evaluate abnormal iron deposition in the brain. It is non-invasive and non-radioactive and has advantages of the sensitivity of its signal to iron concentration. Several in vivo methods have been proposed for MRI detection and quantification of tissue iron, includeing R2 (1/T2), R2' (1/T2'), R2 * (1/T2 applications [14] . The SWI, based on a T2 * -weighted GRE sequence, utilizes phase information caused by different susceptibilities from tissues to enhance its contrast [15, 16] and has been proved to be a useful tool to quantify brain iron [17, 18] . Although phase of SWI and R2 * values have been used to probe brain iron in animal models and AD patients [19] [20] [21] , no study has exploited both the techniques for quantification of iron deposition in neurodegenerative diseases.
In this prospective study, we used both phase of SWI and R2 * methods to assess iron concentration in AD brain. In addition, the correlation between iron content from each method and the severity of AD was compared.
MATERIALS AND METHODS
In this study, 23 patients (14 males, 9 females, mean age 70.5 years, range: 54 -80 years) with AD were recruited from neurology department from August 2009 to January 2010. All AD patients were diagnosed by two neurologists according to the criteria of the National Institute of Neurological and Communication Disorders and Stroke/Alzheimer Disease and Related Disorders Association for probable AD [22] . The mini-mental state examination (MMSE) scores of the patients were 8 to 23 (18.65 ± 3.74) . Participants with one of the following conditions were excluded: a) mental illness; b) any other diseases that could cause brain disorders and c) hyperintensities (diameter ≥ 2 cm) on T2-weighted images. In addition, 18 age-and sex-matched normal subjects (10 male and 8 female) with mean age of 67.89 years (range: 59 -76 years) and with MMSE scores ranging 28 -30 were recruited from the local community. All the normal control population had normal neurological findings and had no history of neurological disorders or head injuries or significant cerebral lesions except for lacunar infarcttion (diameter < 2 cm) on conventional MR scan. The study was approved by the institutional review board of our hospital and all subjects were given written informed consent.
The MRI was performed on a 3.0 Tesla MR scanner (MAGNETOM Verio, Siemens Healthcare, Erlangen, Germany) equipped with a standard twelve-channel head coil. Conventional axial T1-weighted Turbo Spin Echo (TSE) images and Fluid Attenuate Inversion Recovery (FLAIR) sequence were acquired to screen cerebral lesions. Oblique T2-weighted TSE images perpendicular to the long axis of bilateral hippocampus were obtained to identify the hippocampi. The SWI images and T2 * -weighted multi-echo gradient recalled-echo (GRE) images were acquired by referencing this oblique T2-weighted TSE plane to cover the exact volume from bilateral temporal poles to dentate nuclei (DN). For SWI, the following parameters was used: TR/TE = 28/20 ms, flip angle 15˚, the number of slices = 56, slice thickness All data analysis were completed on phase images of SWI and slice-matched T2 * maps, which were inline computed from T2 * -weighted multi-echo GRE images. For each region of interest (ROI) of each patient, like bilateral hippocampus (HP), globus pallidus (GP), putamen (PUT), caudate nucleus (CAU), thalamus (TH), substantia nigra (SN), red nucleus (RN) and DN, two or three continuous slices from phase images of SWI that mainly covered the ROI were selected in consensus by two radiologists with sixteen and three years experience in Neuroradiology respectively, and then corresponding slices from T2 * map were chosen. In this process, CSF, bone and blood vessels were avoided to minimize the artifacts. Areas of ROI on each selected slice were manually identified and average values of right and left side ROIs were recorded respectively by the two radiologists on a commercial available workstation (Syngo, Siemens Healthcare) as demonstrated in (Figures 1-2) . Both of them were blinded to the results of clinical diagnosis.
Since on Siemens scanner, the radius of phase is linearly rescaled from (π, −π) to be (−4096, 4095) for contrast purpose, we returned the measured values on phase images to be in radius through the following formula:
where  is the phase value in radius and MV is the directly measured value on phase images. For R2 * value, they were just transformed from T2 * by following the inversion relationship R2 * = 1/T2 * . Area weighted sum algorithm were applied on continuous selected slices, covering the same ROI, to calculate phase and R2 * values as representative values on patient by patient basis.
Statistical analysis was performed by using software (SPSS for Windows, version 13.0; SPSS Inc., Chicago, IL). The ages and MMSE scores of two groups were analyzed using two tailed tests and the gender compareson between two groups was performed with Chi2-test. Phase values and R2
* values of each ROI in two groups were expressed as the mean ± SD. The comparison of phase values and R2 * values of each ROI between two groups was performed with a nonparametric MannWhitney U test. A partial Spearman rank correlation coefficient, controlled by the age-related bias was used to assess the correlation between phase values and MMSE scores as well as R2 * values and MMSE scores in AD group. The results were considered statistically significant when P < 0.05.
RESULTS
The demographic data for the AD and the control group were summarized in Table 1 . The mean ages and gender of the two groups were statistically equal and the MMSE scores of the AD group were significantly lower than those of the control group (P < 0.05).
The Phase Values of Right ROIs
Phase values of HP (p = 0.025), GP (p = 0.015), CAU (p = 0.002), and SN (p = 0.005) and in AD group were significantly lower than the control group. However, the phase values of PUT (−0.1160 ± 0.0329 vs. −0.0983 ± 0.0274; p = 0.098) and DN (−0.1127 ± 0.0323 vs. −0.1166 ± 0.0331; p = 0.854) were higher than the control group and not significant (Table 2, Figure 3(a) ).
The Phase Values of Left ROIs
Phase values of HP (p = 0.011), GP (p = 0.006), CAU (p = 0.001), SN (p = 0.002) and PUT (p = 0.001) in AD group were significantly lower than the control group. However, the phase values of DN (−0.1082 ± 0.0288 vs. −0.1197 ± 0.0429; p = 0.581) were higher than the control group and not significant (Table 2, Figure 3(b) ).
The R2 * Values of Right ROIs
Phase values of HP (p = 0.041), GP (p = 0.025), CAU (p = 0.039), and PUT (p = 0.027) in AD group were significantly higher than the control group (Table 3, Figure  3(c) ).
The R2 * Values of Left ROIs
Phase values of HP (p = 0.001), CAU (p = 0.001), PUT (p = 0.032), and DN (0.112) in AD group were significantly higher than the control group (Table 3, Figure  3(d) ).
The phase values of bilateral GP, PUT, left HP, right CAU and right DN in AD group were correlated with MMSE scores and the correlation coefficients ranged Figure 4 ).
DISCUSSION
An imbalance in iron homeostasis is a precursor of the neurodegenerative processes leading to AD and iron deposition disturbance in AD brain have been proved in histological analysis and in animal models [23] . Animal models showed increased iron deposition in HP, parietal cortex and motor cortex in AD brain [24] [25] [26] . Higher iron concentrations in the AD brain may increase the oxidation in HP, frontal cortex, entorhinal cortex, PUT, and amygdala [27] [28] . Iron imbalance is not necessarily restricted to the affected regions but can also affect the cortex and cerebellum in pre-clinical AD and mild cognitive impairment (MCI) cases [29] .
In our research, the change in the phase values and R2 * values were compatible with the most vulnerable regions of the AD brain. Several MR techniques revealed increased iron deposition in some sub regions of AD brain; HP, cortex, CAU, GP, and PUT [30] [31] [32] . Phase imaging research [33] established the significance increase of iron deposition in bilateral body of HP, entorhinal cortex, frontal cortex, head of CAU, and PUT in AD groups. Another study [21] demonstrated statistically lower phase values in bilateral HP, CAU, DN, PUT, parietal cortex in AD group. In AD brain, R2 in the grey matter of temporal lobe increased notably [3] . However, the results among these studies were not exactly the same. This could be due to the differences in inclusion criteria, imaging protocol, field strength, post-processing methods, and the definition of the ROIs. The whole process of iron deposition in AD brain and its relationship with the progression of AD is still unclear. Data from quantitative histopathological prospective studies are required to establish the relationship. The paramagnetic nature of iron can increase R2 * effects which can be semi-quantitatively assessed by measuring R2 * values and the phase shift in vivo. Limited research has been conducted on comparison of two methods [18, 19, 35] . In our study, the iron content in various brain regions in two groups showed inconstant phase values compared to the results obtained from the R2 * values. However, R2 * values of bilateral (L&R) SN did not show any difference in two groups. A recent study showed that the phase is more sensitive to iron even in smaller amounts, whereas T2 * undervalue the iron content in smaller amounts [35] . The SN is a relatively smaller brain structure compared to other ROIs, therefore only phase showed increased iron in AD group. Though the phase value of right PUT and the R2 * values of the left GP did not achieve statistical significance level, the iron content of bilateral PUT and GP in AD group showed increased based on phase and R2 * values. Both the methods have important features. Phase values are influenced by the deoxyhaemoglobin than R2 * value, both blood volume and higher ferritin content contribute in the contrast of grey and white matter on phase imaging [36] . Spatial filtering could alter the true phase shifts based on the size and shape of the anatomical structure; it would reduce the apparent phase shift in large uniform structures, such as CAU, but had little effect on smaller structures, such as SN [15] . In addition to the iron or other paramagnetic substances, R2 * values can be affected by water content, gliosis, closely arranged myelinated nerve fibers, etc. [10, 34, 36] . Both iron and myelin can increase R2 * . Alzheimer patients are accompanied by cortical atrophy, gliosis, and demyelinating disorders. Moreover there is an increase in water concentration in AD brain, especially in the HP region, which is more vulnerable to the expansion of the temporal horn of lateral ventricle. This may result in a reducetion in R2 * values, and consequently the increasing effect of R2 * value by iron deposition would be weakened. To reduce the impact of these factors we have applied higher field strength (3T) to provide high sensitivity of R2 * value to iron [34] . All these impact factors mentioned might account for the differences between the two methods. Earlier study showed high contrast SWI images in plaques of transgenic mouse brain than R2 * images [19] , however there is no quantitative comparison of phase value and R2 * value in AD brain. Phase values of ROIs showed more correlation with MMSE than R2 * values and correlation coefficient was higher in the same ROI ( Table 4 ). The phase value of bilateral GP, PUT, left HP, right CAU and right DN in AD patients were correlated with MMSE scores, respectively ( Table 4) . According to the previous study [24] [25] [26] [27] [28] , these ROIs showed disturbance of iron deposition in AD brain and leads to a conclusion that phase value were more sensitive to the change of AD related iron deposition. This provides potential applications to the longitudinal monitoring and therapeutic developments for AD.
The phase values and R2 * values of the left PUT had the most significant correlation with the MMSE scores in AD patients. Multiple studies using SWI phase values showed significantly increased rate of iron uptake in the left PUT in individuals who progressed from MCI to dementia [37] . Increasing left PUT iron levels have been described previously in clinically depressed elderly patients [38] . Depression commonly precedes and may overlap with Alzheimer's type of dementia development [39] . Depression is not only a clinical symptom, but also an important risk factor of AD. Late-onset AD is always combined with a history of anti-depression treatment. However, the relationship between these two diseases is still ambiguous.
In AD brain, neurodegeneration in medial temporal lobe is more at early stages [40] . The left hemisphere is dominant and more sensitive to AD than the right side, and the atrophy of left HP is more severe than the right [41] . It has been proved that redox active ions induce neuronal apoptosis and results in brain atrophy. This provides a rational enlightenment to our findings that the phase values and the R2 * values of the left HP are closely related with the MMSE scores. From another study [33] the phase value of the head of right HP had a moderate positive correlation with MMSE scores. In our study, we did not divide HP into sub regions because of the severe atrophy of AD brain. These variations in the selection of ROI may explain the different outcomes of the two studies.
The current study has following limitations: MCI patients and patients with the poor image quality were excluded from the study. Few patients were uncertain about the duration so we could not calculate the correlation of iron deposition and the duration of AD. Also we could not figure out the iron deposition in AD brain between the early-onset (onset age < 65 y/o) and late-onset of AD (onset age > 65 y/o). In addition, statistical significance of phase values and R2 * values in brain sub regions were not entirely consistent between AD and control groups. Our further study will focus on these problems.
In conclusion, our study results demonstrate the exploitation of SWI phase value and R2
* values for effecttive examination of abnormal iron deposition in AD brain, wherein phase has advantages in examination of small brain structure. Phase value showed a high correlation coefficient with MMSE scores and the iron deposition of left PUT has a close relationship with the progression of AD.
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